The purpose of this study was to determine fracture resistance and failure modes of three-unit fixed dental prostheses (FDPs) made of lithium disilicate pressed on zirconia (LZ), monolithic lithium disilicate (ML), and monolithic zirconia (MZ). MATERIALS AND METHODS. Co-Cr alloy three-unit metal FDPs model with maxillary first premolar and first molar abutments was fabricated. Three different FDPs groups, LZ, ML, and MZ, were prepared (n = 5 per group). The three-unit FDPs designs were identical for all specimens and cemented with resin cement on the prepared metal model. The region of pontic in FDPs was given 50,000 times of cyclic preloading at 2 Hz via dental chewing simulator and received a static load until fracture with universal testing machine fixed at 10°. The fracture resistance and mode of failure were recorded. Statistical analyses were performed using the Kruskal-Wallis test and Mann-Whitney U test with Bonferroni's correction (α=0.05/3=0.017). RESULTS. A significant difference in fracture resistance was found between LZ (4943.87 ± 1243.70 N) and ML (2872.61 ± 658.78 N) groups, as well as between ML and MZ (4948.02 ± 974.51 N) groups (P<.05), but no significant difference was found between LZ and MZ groups (P>.05). With regard to fracture pattern, there were three cases of veneer chipping and two interfacial fractures in LZ group, and complete fracture was observed in all the specimens of ML and MZ groups. CONCLUSION. Compared to monolithic lithium disilicate FDPs, monolithic zirconia FDPs and lithium disilicate glass ceramics pressed on zirconia-based FDPs showed superior fracture resistance while they manifested comparable fracture resistances. [ J Adv Prosthodont 2017;9:244-51]
INTRODUCTION
Porcelain-fused-to-metal (PFM) restorations have been widely used for fixed dental prostheses (FDPs). 1 However, PFM restorations have problems, such as metal exposure at the cervical margin, discoloration of porcelain, potential disadvantage of the alloy, and possible bonding problem between the framework and veneering material. 2 Also, they may cause allergy and staining along with the release of metal ions at the gingival tissue. 3 These problems of PFM were resolved through the development of all-ceramic restorations without a metal. The usage of all-ceramic crowns in restorative dentistry has been increased due to its natural color, as well as its translucency as in feldspathic porcelain, high biocompatibility, relatively affordable price compared to precious metals, and increasing demand for metal-free FDPs.
As high-strength ceramic materials and systems have been developed due to the introduction of the computeraided design/computer-aided manufacturing (CAD/CAM) technologies, the scope of the anterior and posterior FDPs usage has been expanded. 6 Among the currently available all-ceramic materials, yttria-stabilized tetragonal zirconia polycrystalline (Y-TZP) shows the greatest fracture resistance, and it is considered as the gold standard in dental crown restorations. 7 However, Y-TZP has limitations, including difficult control of its opacity and translucency, chipping of the veneered porcelain, and limited optical defects. 8 As so, a lot of efforts, including coloring, have been made to overcome these problems, but the problems still remain. After all, porcelain-fused-to-zirconia (PFZ) has been chosen as suitable zirconia prosthesis. 9 The method of veneering the zirconia core using the hand-layering technique with feldspathic porcelain has mainly been used, but as this method is technique sensitive and as veneer chipping often occurs, 10 reducing the fracture rate of porcelain veneers has become a major concern in zirconia restorations. 11 Due to the better mechanical properties of lithium disilicate ceramic, a transition from feldspathic porcelain to lithium disilicate ceramic for veneer fabrication has been suggested in order to improve the fracture resistance.
12 CAD-on technique was used to mill frame and veneer from ceramic blanks. Either by using resin cement or by fusing ceramic, lithium disilicate veneer can be attached to zirconia framework after sintering the framework. 13 Recently, heat-pressed method that presses lithium disilicate glass ceramic veneer has been introduced. 14 As the lost wax press system can produce ceramic prostheses with or without CAD/CAM system, it is economical and simple, and it can effectively reconstruct the customized anatomical shape. 15 A study utilized lithium disilicate glass ceramic as a heatpressed veneered ceramic in fabrication of zirconia crown, and it showed a higher fracture resistance than fluroaptitepressed zirconia crown and monolithic lithium disilicate crown.
14 However, there are almost no studies on lithium disilicate pressed zirconia FDPs. Hence, the aim of the present study was to investigate relative fracture resistance and failure mode of three-unit FDPs made of lithium disilicate pressed on zirconia, monolithic lithium disilicate, and monolithic zirconia.
MATERIALS AND METHODS
A master model with two abutments in the maxillary first premolar and first molar was fabricated. To fabricate the master model, each abutment was first designed using CAD software (Exocad, Exocad GmbH, Darmstadt, Germany). Each abutment was fabricated with chamfer preparation of 120° and convergence angle of 15° (Fig. 1A) . 16 The STL file of the designed master model was transmitted to the fiveaxis milling machine (Ceramill Motion 2, AmannGirrbach, Koblach, Austria), and dry milling was performed with Co-Cr blanks (Ceramill Sintron, Amann Girrbach, Koblach, Austria). After that, a total of 15 master models were fabricated through sintering at a high-temperature sintering furnace (Ceramill Argotherm, AmannGirrbach, Koblach, Austria) (Fig. 2) .
The experiment was performed by dividing the specimen into three groups: the lithium disilicate glass ceramics pressed on zirconia-based FDPs (LZ group), the monolithic lithium disilicate FDPs (ML group), and the monolithic zirconia FDPs (MZ group). All the ceramic materials are presented in Table 1 . Three-unit FDPs from the first premolar to the first molar were fabricated, with the same shape as the one used in clinical practice (Fig. 1B) . A total of 15 three-unit FDPs, five for each group, were fabricated (Fig.  3) . The master models were scanned using the AutoScan 3D Dental Scanner (Hangzhou Shining 3D Tech Co., Ltd., Hangzhou, China), and same-shaped crowns were designed using the Exocad software (Exocad GmbH, Darmstadt, Germany). The connectors included mesiodistal cross-sectional areas of 31.3 mm², a buccolingual width of 5.7 mm, 
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In vitro study of the fracture resistance of monolithic lithium disilicate, monolithic zirconia, and lithium disilicate pressed on zirconia for three-unit fixed dental prostheses and an occlusogingival height of 7 mm. 17 To fabricate lithium disilicate glass ceramics pressed on zirconia-based FDPs, a 0.5 mm-thick zirconia coping (Zirtooth Fulluster, HASS, Gangneung, Korea) was prepared first. After making the coping, liner powder (Rosetta Ceram Liner, HASS, Gangneung, Korea) was applied to the surface of the zirconia to improve the bond strength and wettability between the zirconia and the veneer glass ceramic, and heat treatment was done according to the instruction of the manufacturer. Using the Exocad software, a wax veneer structure was fabricated by milling a wax block (TOTEM, Qingdao Totem Candle Industry, Shandong, China). The veneer was fixed to the coping by applying heat to its margin, and after investing using a dedicated investment ring, it was burned out at 880°C for 30 minutes (Burnout Furnace L 1/12, Nabertherm, Bremen, Germany). After that, glass ingot (Rosetta UltraPress, HASS, Gangneung, Korea) was put in the investment ring, and the latter was pressed with the pressing furnace (Horizon Press, Shenpaz Dental Ltd., Migdal HaEmek, Israel) to join the zirconia and the lithium disilicate glass ceramic. According to the instruction of the manufacturer, sandblasting (50 μm glass For the purpose of standardization, the same dental technician executed the manufacturing process. Cementation of the FDPs was done in the master model using G-CEM LinkAce resin cement (GC America, Alsip, IL, USA), and the samples were kept in distilled water at 37°C for more than 48 hours. To preload the FDPs, 50,000 times of mechanical loading were applied on the occlusal surface of the pontic under 50 N at 2 Hz, using dental chewing simulator (R&D Inc., Daejeon, Korea) (Fig. 4A) .
The load was applied on the distal part of occlusal surface of the pontic by using a stainless steel sphere with a 4 mm diameter. Lastly, the FDPs were fixed onto the testing jig at 10° angle against the long axis, and load to fracture was applied using a universal testing machine (Instron 8871, Instron Co., Norwood, MA, USA) (Fig. 4B) . The crosshead speed was set to 0.255 mm/min, and loading was executed to the previously preloaded site, using a stainless steel sphere with a 4 mm diameter, until the FDPs were fractured. 16 The fracture resistance was recorded when the FDPs were fractured; in this present study, fracture was defined as an abrupt force decrease, and the maximum force prior to the sudden decline was recorded as fracture resistance. The fracture pattern was classified into complete fracture, veneer chipping, and interfacial fracture, and the numbers of fracture were counted for each group. The specimens of LZ group were coated with platinum, and their microstructure of fractured surface was observed, using FE-SEM (JSM-7401F, Jeol, Tokyo, Japan) (×180, ×250, and ×700).
To evaluate the statistical significance of the fracture resistance of the FDPs by material, SPSS ver. 23.0 (SPSS Inc., Chicago, IL, USA) was used. For the comparison of the three groups, the Kruskal-Wallis and Mann-Whitney U tests with Bonferroni's correction (α = .05/3 = .017) were employed. All statistical analyses were done at the 5% significance level.
RESULTS
Preloading process did not induce fracture on all FDPs. The statistical analysis showed a significant difference between the LZ group (4943.87 ± 1243.70 N) and the ML group (2872.61 ± 658.78 N) as well as between the ML and MZ groups (4948.02 ± 974.51 N) (P < .05), but it did not exhibit a significant difference between the LZ and MZ groups (P > .05) (Fig. 5) . In terms of fracture pattern, three cases of veneer chipping and two interfacial fractures in the LZ group and complete fracture in all the specimens of ML and MZ groups were observed (Fig. 6, Table 2 ). The fracture lines of the specimens in the LZ group were formed vertically along the load direction, and the fracture pattern 
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In vitro study of the fracture resistance of monolithic lithium disilicate, monolithic zirconia, and lithium disilicate pressed on zirconia for three-unit fixed dental prostheses was clearly seen at the pontic where a direct force was given. In the ML and MZ groups, most of the fracture patterns were also formed in the mesiodistal direction, centering on the pontic where a direct force was given. The specimen that experienced veneer chipping in the LZ group was observed with FE-SEM, displaying no pore, defect, or void between zirconia core and lithium disilicate glass ceramic veneer (Fig. 7) . 
DISCUSSION
Preclinical in vitro tests for dental materials are important in evaluating mechanical performance and compatibility of materials in mouth. 18 The conventional laboratory tests apply static loading until failure using a universal testing machine. These tests provide information on material strength, potential risk of failure, and deformation of the material. However, they cannot sufficiently predict the longterm performance of dental restorations. 19 The intraoral environments that need to be considered for dental restorations include humidity, pH, and cyclic loading. Therefore, studies must reproduce experimental conditions similar to the clinical situations in order to create the failure pattern in actual clinical practice. 18, 19 In the present study, the FDPs were designed to mimic the clinical situation anatomically as much as possible. Herein, the loading stainless steel ball was able to fit in a cavity formed in the middle of the pontic, and a three-point contact between the occlusal surface and steel ball was achieved successfully. 17 Clinically, the mechanical failure of dental prostheses occurs a long time after their application, indicating that fatigue failure accounts for a larger proportion of the failure cases than acute overload. 20 Damage is accumulated by repetitive contact between maxillary and mandibular teeth, and the lifetime and survival rate of the prosthesis are reduced. 21 Therefore, this study performed a fatigue testing in order to replicate the clinical settings as much as possible. 18 The preload force was set at 50 N, based on the previous studies. 6, 22 50,000 cycles were applied during the preload to replicate the average number of mastication in 4 weeks. 23 Moreover, the preloading was conducted in dry environment. Thermal cycling with water removes water from the surface of specimens and leads to further aging of material. In addition, wet environment may cause subcritical crack growth, change in ceramic structure, and superficial phase transitions. 24 Therefore, less fracture resistance might be speculated if the experimental condition was set in wet environment. Furthermore, as most of the previous studies reported a chewing rate in humans under 2 Hz, the test frequency of this study was set at 2 Hz. 25, 26 Nevertheless, because it is impossible for in vitro studies to replicate clinical scenario completely, the result of the experiment may be different from that in the actual clinical setting. For instance, the present experimental model did not employ periodontal ligaments while the periodontal ligaments around roots are responsible for stress distribution in natural dentition. 27 As shown in the previous study, the models without periodontal ligament demonstrated a greater fracture resistance than the models with periodontal ligament. 22 In addition, natural tooth would have replicated the clinical settings more precisely if chosen as an abutment of this study. Yet, the present study chose metal alloy abutment since natural teeth have different size, shape, and quality, and the preparation cannot be standardized. [28] [29] [30] In addition, natural teeth with lower elastic modulus can be fractured near cervical area. 31, 32 Therefore, the present study utilized metal alloy abutment with higher elastic modulus and fracture resistance for testing fracture resistance of the experimental groups. Resin cement with strong rigidity was also used to lower a chance of failure by luting agent. 33 Moreover, the influence of elastic modulus of abutment on the fracture resistance of dental prosthesis was demonstrated in many in vitro studies, 29, 31, 34 and some clinical studies reported a higher failure rate of crown in response to lower elastic modulus of abutment material. 35 Therefore, based on the earlier studies, the experimental outcomes of the present study are thought to manifest higher fracture resistance than in the clinical situation. However, the present study rather investigated relative comparison among the fracture resistances of the experimental groups, regardless of the experimental condition. Therefore, these factors may not affect the relative comparison among the groups.
The ML group in this experiment was lithium disilicate glass ceramic, a kind of particle-filled glass that has been reported to have a higher fracture resistance than leucitereinforced glass ceramic or feldspathic ceramic. 36 The reason for this seems to be that lithium disilicate crystal is more efficient in promoting crack deflection and crack branching compared to glass ceramic including the leucite or fluorapatite crystal phase. 37, 38 The MZ group consists of the typical yttria-stabilized tetragonal zirconia polycrystalline (Y-TZP) and provides high toughness and fracture load through the mechanism called "transformation toughening." 39 In other words, when the phase changes from the tetragonal phase to the monoclinic phase, 3 -5% volume expansion occurs, which gives rise to internal stress. 40 Stabilizing agents such as calcium, magnesia, yttrium, and ceria are also added in order to stabilize the tetragonal phase at room temperature and to control the volume expansion. 41 In this study, the fracture resistance of the MZ group (4948.02 ± 974.51 N) was significantly larger than that of the ML group (2872.61 ± 658.78 N), which is consistent with the results of other previous studies. 1, 14, 42 This is because polycrystalline materials are less vulnerable to fatigue degradation than glass ceramic. 43 In a previous study, it was confirmed that the crack propagation of lithium disilicate glass ceramic appeared only within the residual glass matrix and did not spread through the crystal. 38 Additionally, such result can be partially explained by the flexural strengths of lithium disilicate glass ceramic and zirconia (440 and 1250 MPa, respectively). In this study, the fracture resistance of the monolithic zirconia FDPs (4948.02 ± 974.51 N) and the lithium disilicate glass ceramics pressed on zirconia-based FDPs (4943.87 ± 1243.70 N) did not show a statistically significant difference, which is similar to the result of another study that compared crowns. 14 Also, a comparable level of fracture resistance in both lithium desilicated glass ceramics pressed on zirconia-based FDPs and monolithic zirconia FDPs accounts that a higher fracture resistance of FDPs with ceramic core can be obtained from the core material. 30 Fracture can be roughly divided into delamination (core exposure and adhesive facture), cohesive fracture within the veneer porcelain (chipping), cracks extending to the framework (radial cracks), and complete fracture (catastrophic fracture, bulk fracture, and total fracture). 11 In this study, the ML and MZ groups, which were monolithic FDPs, showed complete fracture while the LZ group showed veneer chipping and interfacial fracture. From the clinial perspective, chipping is mainly observed at the site where a high contact force is applied, and it appears more when air bubbles are present inside the veneer layer. In fact, during the fabrication of the conventional feldspathic ceramic veneer, pores are inevitably generated, but the fabrication through press system prevents the formation of these microstructural defects. 44 As evident in Fig. 7 , the secure contact between lithium disilicate glass ceramic veneers and zirconia core may be responsible for the high fracture resistance. Yet, considering that, in some specimens, interfacial fracture was observed between the core and the veneer and that the standard deviation of the fracture resistance of the LZ group was greater than those of the two other groups, further studies must be performed on the reasons for the higher fracture resistance.
Meanwhile, many studies on the occlusal force reported that gender, age, and measurement site including the anterior and posterior regions resulted in the considerably different values. Dental restoration must be able to support occlusal force greater than 1000 N because the occlusal force exceeds more than 1000 N in parafuction. 30, 39 Within the limitation of this study, as all the groups showed a fracture resistance of more than 1000 N, the fracture resistance can be clinically accepted.
As the limitation of this study, the oral environment displays thermal stress due to the presence of water while the present experiment was performed in dry environment. In addition, mechanical property of the metal alloy abutment was different from that of natural teeth, the load was executed in a single direction, and the absence of periodontal ligament did not represent the clinical settings completely. Moreover, there are limitations because of the small number of specimens, and there is a need for additional experimental groups such as CAD-fabricated lithium disilicate veneer luted or fused on zirconia-framework. Therefore, further studies should be executed to investigate the additional groups of FDPs mentioned above and long-term effects of cyclic loading under thermal stress along with clinical studies.
CONCLUSION
Within the limitations of this study, such as the small number of the specimens, lithium disilicate glass ceramics pressed on zirconia-based FDPs showed comparable fracture resistance to monolithic zirconia FDPs and more outstanding fracture resistance than monolithic lithium disilicate FDPs. 
